Abstract. The high relapse rate of prostate cancer following radical prostatectomy is clinically problematic, and various neoadjuvant therapies aimed at reducing the rate have been examined. A previous study has shown that immune responses are increased in patients treated by adenoviral vector-mediated herpes simplex virus-thymidine kinase (HSV-tk) gene delivery followed by ganciclovir (GCV) injection. However, details of the immune responses following this form of gene therapy remain unclear. Five patients who agreed to participate in the present phase I/II trial were repeatedly administered GCV intravenously for 2 weeks following intraprostatic injection of HSV-tk. Peripheral blood samples were periodically collected following the treatments, and lymphocyte subsets were analyzed by flow-cytometry. Intracellular interferon (IFN)-γ produced by T cells was further measured in response to prostatic acid phosphatase and NY-ESO-1 overlapping peptides. Central memory (CM) cluster of differentiation 8 + (CD8 + ) T cells were found to increase markedly during the second round of treatment. In three patients, tumor antigen-specific T cells were clearly increased following HSV-tk + GCV treatment. An increase in prostate cancer antigen-specific T cells and CM CD8 + T cells may contribute to a reduction of relapse rates in prostate cancer patients receiving this form of gene therapy, which shows promise in a neoadjuvant setting.
Introduction
Screening of asymptomatic men based on the serum level of prostate-specific antigen (PSA) coupled with the use of ultrasound-guided random systematic prostate biopsy has significantly improved the diagnostic accuracy and treatment of prostate cancer (1) . The incidence of prostate cancer and its associated mortality rates have also increased significantly in numerous countries, including Japan (2) . Despite significant progress in the detection and treatment of prostate cancer, high relapse rates (20-57%) following radical prostatectomy have been problematic, and various neoadjuvant therapies have been examined with the aim of reducing the rate of relapse (3) (4) (5) . However, numerous patients have locally advanced disease at diagnosis, and therefore novel therapeutic options are required.
Treatment that involves a combination of surgery with adjuvant therapy may conceivably improve the outcome of patients who have a high risk of recurrence. Neoadjuvant therapy prior to surgery has several advantages over adjuvant therapy, as it targets presumed micro-metastases at an early stage and may reduce locally advanced tumors, thus allowing more effective surgical resection.
Gene therapy may offer a chance of surmounting the drawbacks of current therapies by inducing cytotoxicity in localized prostate cancer without serious morbidity or mortality, and stimulating immune-mediated therapeutic activities that affect not only the primary tumor but also metastases. Several protocols of gene therapy for prostate cancer have been examined in preclinical studies and clinical trials. Intraprostatic adenoviral vector transduction of the herpes simplex virus-thymidine kinase (HSV-tk) gene followed by intravenous ganciclovir (GCV) administration is a cytotoxic gene therapy approach for prostate cancer that has been tested extensively in preclinical studies and phase I/II clinical trials at Baylor College of Medicine (Houston, TX, USA) (6-8 (8, 13, 14) . However, the details of the resulting immune responses were not clear.
In the present study, the immune responses in patients who were repeatedly administered GCV intravenously following intraprostatic HSV-tk injection over a period of 2 weeks were investigated. Central memory (CM) CD8 + T cells in peripheral blood were clearly and efficiently increased during the second round of HSV-tk + GCV treatment, and prostate cancer antigen (PCa)-specific T cells were also increased.
Materials and methods
Patients. The study subjects were five patients with clinically localized prostate cancer with a high risk of recurrence who underwent prostate biopsy (Table I ). All the patients had a Kattan preoperative nomogram score of 115, and provided study-specific informed consent prior to enrollment in the phase I/II clinical trial, which was approved by the Institutional Review Board of Kitasato University (Sagamihara, Kanagawa, Japan) and the Ministry of Health, Labour and Welfare of Japan.
Vector. The vector used was a serotype Ad5 adenovirus that contained the HSV-tk gene and Rous sarcoma virus long terminal repeat promoter in the region of the excised E1/E2 wild-type adenoviral genes. This replication-defective adenoviral vector was constructed, as described previously (14) . A clinical-grade preparation was made by the Baylor Center for Cell and Gene Therapy, Gene Vector Laboratory under good manufacturing practice conditions. All the patients received 2x10 11 viral particles of the vector into the prostate using a transrectal approach under ultrasound guidance.
Treatment course. The five patients underwent repeated intraprostatic injection of HSV-tk for 2 weeks with intravenous GCV. After a further 4 weeks, four of the patients underwent radical prostatectomy (Fig. 1) . One patient was switched to radiotherapy instead of radical prostatectomy due to a prolonged activated partial thromboplastin time. Forward light scatter and side light scatter were set to distinguish the lymphocyte, macrophage and granulocyte population from debris with an EPICS XL flow cytometer (Beckman Coulter, Inc.). Multi-color immunofluorescence analysis was performed using 10,000 lymphocytes for each analysis.
Intracellular interferon (IFN)-γ assay.
Peripheral blood mononuclear cells (PBMC) were stimulated with prostatic acid phosphatase (PAP) or NY-ESO-1 peptides that were 15 amino acids in length, overlapping by 11 amino acids at a concentration of 1 mg/ml (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). Simultaneously, monesin (200 µM) was added to block protein transport. After 16 h of incubation, the peptide-stimulated PBMC were stained with anti-CD3 (FITC), anti-CD4 (PE-Vio770) and anti-CD8 (APC-Vio770) mAbs (Miltenyi Biotec GmbH). For IFN-γ staining, the peptide-stimulated PBMCs were treated with FACS Perm2 (Becton, Dickinson and Co.) and stained with anti-IFN-γ (PE) mAb (Beckman Coulter, Inc.). IFN-γ-producing T cells were analyzed using a MACSQuant flow cytometer (Miltenyi Biotec GmbH).
Statistics. Statistical significance was analyzed using the Mann-Whitney U test. P<0.05 was considered to indicate a statistically significant difference. HSV-tk, herpes simplex virus-thymidine kinase; GCV, ganciclovir; PSA, prostate-specific antigen.
Results

Comparison of circulating naïve and effector T cell subsets.
To study the efficacy of the immune system, whether the frequency of naïve and effector cells in peripheral blood was affected by the repeated HSV-tk + GCV treatment was investigated. The frequency of naïve and effector cells were compared in the circulating CD4 + T cell subsets prior and subsequent to the HSV-tk + GCV treatment ( Fig. 2A ). Naïve and a proportion of the memory T cell subsets (CD4 + CD62L + ) were immediately and slightly increased following the 1st and 2nd HSV-tk vector injections, but there were no significant increases in comparison to the frequency of the CD4 + CD62L + T cell subsets prior to the treatment (Fig. 2B) . In contrast to the CD4 + CD62L + T cell subsets, there was no significant difference in the effector (CD4 + CD62L -) T cell subset during the observation period (Fig. 2C) . The frequency of naïve and effector cells were also compared among the circulating CD8 + T cell subsets prior and subsequent to the repeated HSV-tk + GCV treatment (Fig. 2D ). Naïve and a proportion of memory T cell subsets (CD8 + CD62L + ) were gradually increased following the 1st HSV-tk + GCV treatment. This was followed by a significant increase during the 2nd HSV-tk + GCV treatment, in comparison with the frequency of CD8 + CD62L + T cell subsets prior to the treatment (Fig. 2E) . In contrast to the CD8 + CD62L + T cell subsets, the effector (CD8 + CD62L -) T cell subset showed no significant change during the observation period (Fig. 2F) . These results suggested that naïve, and a proportion of memory CD8 + T cells, were possibly affected by the repeated HSV-tk + GCV treatments.
Comparison of circulating naïve and memory T cell subsets.
To clarify which of the naïve and memory T cell subsets were effectively increased, these subsets were investigated in patients who had received repeated HSV-tk + GCV treatment.
The frequencies of circulating naïve and memory CD4 + T cell subsets were compared prior and subsequent to HSV-tk + GCV treatment (Fig. 3A) . The naïve T cell (CD4 + CD45RO -) subset was significantly increased on day 2 after the 1st HSV-tk vector injection in comparison to the frequency prior to treatment (Fig. 3B) . In contrast to the naïve CD4 + T cell subset, the memory T cell subset (CD4 + CD45RO + ) showed no significant change during the observation period (Fig. 3C) . The frequencies of circulating naïve and memory CD8 + T cell subsets were compared prior and subsequent to the HSV-tk + GCV treatment (Fig. 3D) . The naïve T cell (CD8 + CD45RO -) subset showed no significant change during the observation period (Fig. 3E) . By contrast, the memory T cell (CD8 + CD45RO + ) subset was significantly increased following the 2nd HSV-tk + GCV treatment in comparison to the frequency of the naïve CD8 + T cell subset prior to treatment. A significant increase of the CD8 + CD45RO + T cell subset was further observed on days 42 and 56 after the 1st HSV-tk vector injection (Fig. 3F) . These results suggested that memory CD8 + T cells were clearly and more effectively increased by repeated HSV-tk + GCV treatment.
Comparison of circulating memory T cell subsets.
To further study the details of memory T cell responses in patients who had received the repeated HSV-tk + GCV treatment, the frequencies of the circulating CM (CD45RO + CD62L + CCR7 + ) and effector memory (EM) (CD45RO + CD62L -CCR7 -) CD4 + T cell subsets were examined (Fig. 4A ). CM CD4 + T cells increased gradually during the 1st HSV-tk + GCV treatment, and were significantly increased on day 2 after the 2nd HSV-tk vector injection (Fig. 4B) . In contrast to CM CD4 + T cells, the EM CD4 + T cell subset showed no significant change during the observation period (Fig. 4C) 
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compared prior and subsequent to the repeated HSV-tk + GCV treatment (Fig. 4D ). CM CD8 + T cells increased gradually during the 1st HSV-tk + GCV treatment, and their frequency was maximal and most significant on day 2 after the 2nd HSV-tk vector injection, in comparison with the frequency prior to treatment (Fig. 4E) . By contrast, the EM CD8 + T cell subset decreased gradually during the 2nd HSV-tk + GCV treatment, and showed the lowest frequency on day 7 after the 2nd HSV-tk vector injection (Fig. 4F) . These results suggested that CM CD4 + and CD8 + T cells were effectively increased following repeated HSV-tk vector injection, whereas it appeared that EM CD8 + T cells were induced to migrate from blood vessels to the local environment.
Detection of PCa-specific T cells. To study whether PCa-specific T cells were also increased by repeated HSV-tk + GCV treatment, the IFN-γ-producing T cells in patients following stimulation with PAP and NY-ESO-1-overlapping peptides were detected. Fig. 5A shows representative flow-cytometric data for tumor antigen-specific IFN-γ producing T cells prior and subsequent to HSV-tk vector injection (Fig. 5A) . In patient 2, PAP-specific T cells were maximally increased on day 6 after the 1st HSV-tk vector injection, whereas NY-ESO-1-specific T cells were slightly increased (Fig. 5B) . In patient 3, NY-ESO-1-specific T cells were clearly increased following repeated HSV-tk + GCV treatment, whereas PAP-specific T cells were slightly increased on day 6 after the 1st HSV-tk vector injection in comparison to PCa-specific T cells prior to treatment (Fig. 5C) . In patient 4, PAP-specific T cells were only examined, and no difference was observed (Fig. 5D) . In patient 5, an increase of PAP-specific T cells on day 6 after the 1st HSV-tk vector injection was observed, whereas NY-ESO-1-specific T cells increased after the 2nd injection of HSV-tk vector, in comparison to PCa-specific T cells prior to treatment (Fig. 5E) . Although PAP-specific T cells were increased following the 1st injection of HSV-tk vector, NY-ESO-1-specific T cells appeared to be increased following the 2nd injection. These results suggested that PCa antigen-specific T cells may be efficiently induced by repeated treatment with HSV-tk + GCV.
Discussion
Gene therapy is a promising experimental approach for prostate cancer. Numerous in vitro and animal studies have shown that HSV-tk is effective against prostate cancer cell lines and prostate tumors grown in animals (15) (16) (17) (18) . However, its efficacy and immune responses in human prostate cancer patients are not well defined. In the present study, the dynamics of systemic T cell subsets and prostate cancer-derived antigen-specific T cells were investigated, and it was identified that they were efficiently increased in patients who received repeated treatment with HSV-tk + GCV.
Several preclinical studies have shown that tumors treated with HSV-tk + GCV contain areas of necrosis highlighted by infiltration of macrophages, CD4 + and CD8 + T cells (11, 12, 19, 20) . Additionally, interleukin (IL)-1, IL-2, IL-6, IL-12, IFN-γ, tumor necrosis factor-α and granulocyte macrophage colony-stimulating factor are detectable in tumors following HSV-tk + GCV treatment (19, 21) . Furthermore, previous studies have indicated that circulating total CD8
+ and activated CD8 + T cells are significantly increased 2 weeks after injection of HSV-tk vector (8, 13, 14) . Our previous study reported the dynamics of circulating lymphocyte subsets in patients who had received repeated HSV-tk + GCV treatment (22) . Total CD8 + and activated CD8 + T cells were significantly and efficiently increased by this type of treatment, particularly following the 2nd round of treatment. However, it was not clear whether the increased CD8 + T cells were specifically active against prostate cancer antigens. Previous studies have utilized adenoviral vectors for suicide gene delivery to prostate tumors as a form of neoadjuvant therapy (14, 23, 24) . These increased CD8 + T cells possibly represent an immune response to adenovirus. van der Linden et al (24) reported that adenovirus-specific neutralizing antibody responses are clearly enhanced in patients who received adenovirus-mediated suicide gene therapy. The study further demonstrated that adenovirus-specific PBMC proliferation and IFN-γ production occurred in vitro. By contrast, van der Linden et al (24) also found no correlation between anti-adenovirus antibody titers (neutralizing antibody) and the PSA response. To the best of our knowledge, the present study is the first to indicate that repeated HSV-tk + GCV treatment can efficiently induce circulating CM CD8 + T cells and PCa-specific T cell responses in human patients. The high rate of relapse of prostate cancer following surgery is clinically problematic. Although radical prostatectomy is intended to be curative, the high recurrence rates of prostate cancer may be due to minimal residual disease (MRD) following surgery. To eliminate MRD, induction of memory T cells, which are also involved in immunological surveillance for adaptive immunity, may be important.
In the present study, circulating memory CD8 + T cells were more effectively increased compared to memory CD4 + T cells, whereas IFN-γ-producing PCa-specific CD4 + T cells were more efficiently induced compared to IFN-γ-producing PCa-specific CD8 + T cells. PAP and NY-ESO-1 overlapping peptides were utilized to stimulate PCa-specific T cells. These peptides were 15 amino acids in length, overlapping by 11 amino acids. These overlapping peptides may be presented more easily by the major histocompatibility complex (MHC)-II on antigen-presenting cells compared to MHC-I. Cytopathic and bystander effects appeared to be efficiently induced by this repeated HSV-tk + GCV treatment. As a result, prostate cancer-associated antigens may be released from cytopathic areas, thus initiating PCa-specific T cell responses in patients.
In conclusion, the present study reported evidence of systemic T cell responses following repeated HSV-tk + GCV treatment. CM CD8 + T cells and PCa-specific T cells in peripheral blood were enhanced following injection of the vector, suggesting the potential for activation of components of the cell-mediated immune response in the clinical trial. This cell-mediated immune response may contribute to a reduction of relapse rates in patients with prostate cancer. This repeated treatment with HSV-tk + GCV is expected to be promising for neoadjuvant therapy.
